device length of an air-core ARROW is around 50 mm (see [31) thickness, tolerances up to +/-18 nm and +/-16 nm are allowed.
INTRODUCTION
URING the last two decades various numerical D method for the investigation of integrated optical structures have been developed. Until lately the most popular method has been the fourier beam propagation method (FBPM) 111 but also different finite difference Manuscript received October 28, 1992; revised December, 14, 1992 . This work was supported by the Danish Technical Research Council and by the National Agency of Industry and Trade, Denmark.
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beam propagation methods (FDBPM) have been presented [2] - [4] . However, for large and/or complex integrated optical structures these methods are all time consuming to be accurate. It has been the purpose of our work to develop a method that enables us to investigate large and complex integrated optical structures accurately without using a long computation time. We have chosen to use a FDBPM due to the simplicity, stability, and independence of computational mesh. Furthermore we use a nonuniform mesh that is finest near the waveguide cores and gradually gets harsher when moving away from the cores. The mesh point spacing is chosen to be minimum at the discontinuities in the refractive index [5] . We show how the mesh may be automatically calculated with very little extra computation effort for step index waveguides. By incorporating an interpolation procedure in the step-algorithm the calculations become dependent on the actual mesh only. This is important for instance in the case of one 1041-1135/93$03.00 0 1993 IEEE waveguide branching into two waveguides since the number of mesh-points will change from step to step. To compare the accuracy and computation time for our method with a standard FDBPM (in a uniform mesh) we have calculated the coupling length of a 3 dB coupler with curved sections at each end. We did also calculate the coupling length with 2D-versions of the two methods where the original 3D waveguide problem was reduced by using the effective index method [6] to estimate the error committed by doing this.
THEORY
In the following x and y denote transversal coordinates while z denotes the longitudinal coordinate. It is assumed that all waveguiding structures are weakly guiding so that we may consider the transversely and vertically polarized modes as degenerate. The scalar electric field is written as
where o is the angular frequency, t is the time, k the wave number of vacuum, j is the imaginary unit and no is the refractive index of the medium surrounding the waveguide cores. The Fresnel equation is transformed to the following set of difference equations using Crank-Nicolson's finite differences for a nonuniform but z-invariant mesh (xi, y,) 
where Ax, = x , + l -x,, and Ay, = Y , ,~ -y,. As (1) represents a set of implicit equations it must be solved iteratively.
(1) is of course also valid for a uniform mesh. If the sample points ( xin-'), yjn-I)) and ( x :~) ,~J (~) ) are not equal (1) may not be used directly. We solve this problem by calculating a new set of sampled field values el:-') at the points ( xln), y:") by parabolic interpolation of the field points *::-'). As long as the number of sample points inside the largest waveguide core was greater than 100 for 3D and 10 for 2D we observed no instabilities due to this interpolation.
NONUNIFORM MESH FOR STEP-INDEX WAVEGUIDES
In the following we show calculations for step index waveguides as an example but the developed FDBPM may be used for any refractive index distribution. Fig. 1 shows the mesh that is used. The minimum distances between two mesh points in the x-direction Ax,,, and y-direction Aymln and the increments S, and S y , respectively, are found from the following equations:
where U , is the largest core width (waveguide number r ) and b, is the largest core height (waveguide number s). 2i,,, -1 and 2j,,, -1 are the number of mesh points inside the largest core width and core height, respectively. For mesh points at the core-cladding interface we define the refractive index to be the mean value of the core and cladding index. This means that we may use (1) at all points. At the boundaries of the computational window we use T = 0 as the window can be chosen large due to the nonuniform mesh. More sophistkated boundary conditions may of course be incorporated [21.
ACCURACY AND TIME CONSUMPTION
In Fig. 2 the coupling length L , defined on the inset of the figure, has been calculated for a free space wavelength of 1.55 p m by the four approaches described above. The waveguides have cross sections of 6 * 6 pm2, and refractive index differences of 0.01. The other geometrical data are shown on the inset on Fig. 2 . P, represents the input power and P i and Pi are the output powers. The coupler is chosen so that all calculations could be made on a computer workstation when the mesh size was chosen to be 300.300 pm2. The step length Az was chosen to 10 p m for the smallest meshes and 0.1 p m for the largest. The 2D-methods converge to L = 900 p m while the 3D-methods converge to L = 1350 pm. So, for this particular coupler the reduction of the original 3D-problem to a 2D-problem by the use of the effective index method introduces an error of around 30%. Since the coupler is long enough to assure negligible bending losses we have ideally Pi + Pi = P I . <Pi + P;)/Pl is also shown on Fig.   2 . For the 2D-methods around 200 points are needed for the nonuniform mesh and 800 for the uniform mesh. For the 3D-methods the figures are 22 000 and 360 000 for the nonuniform and the uniform mesh, respectively, when <Pi + P;)/P, 2 90% is required. This means that using a nonuniform mesh as compared to using a uniform mesh gives a reduction of the needed number of mesh points of 4 in the 2D and 16 in the 3D case. We have also compared the CPU times for the four approaches as shown in Fig. 3 . As seen does the time consumption approximate a power dependence on the number of mesh points for all four approaches, indicating that the calculation time due to the iterations increases linearly with the number of mesh points. For the 2D approach one gains a factor of approximately 3 in time consumption by using a nonuniform mesh instead of a uniform mesh. For the 3D approach one gains a factor of approximately 30.
CONCLUSION
A finite difference method using a nonuniform zvarying mesh has been developed. The method is used to calculate the coupling length for a rectangular core cross section, step index single mode waveguide 3 dB coupler with curved end-sections. Comparing the results with results obtained with a standard finite difference method we found that the computation time needed for a required accuracy is reduced by a factor of approximately 3 for 2D and 30 for 3D-approaches. . The main attraction of the method is that it is straightforward. The full vector modes of dielectric waveguides can be computed with the method, and semivectorial and scalar approximations emerge in a particularly transparent manner, as does also the widely used effective index approximation [3].
For very simple waveguide geometries like rectangular guides or symmetric rib guides the method is known to produce accurate mode field distributions with very small computational effort [41, 151. The method has a reputation for not living up to its promises when generalized to more practical geometries. The cause of this reputation and how to obtain a formulation that delivers as promised for general waveguide cross sections is the subject of this contribution. Only the essential final equations are presented here, and the reader is referred to [81 for details. the formulation, thus "mode matching" is a more appropriate term than "transverse resonance" for describing the method.
First, let us talk about notation. We consider the waveguide to be a sandwich of "slices" numbered m = 1 , 2 . . . M . Each slice is considered to be cut from a film waveguide with film layers numbered n = 1 , 2 . . . N . It is therefore meaningful to use the label m for the whole film waveguide that slice no. m is cut from as well. Layer no. n in slice or film no. m has index of refraction d m s n ) and relative permittivity = n(m,n)2 . We choose our x-axis parallel to the film layers and perpendicular to the slice interfaces, our y-axis perpendicular to the film layers and parallel to the film slice interfaces, and our z-axis along the waveguide, parallel to the layers and slices. Let c be the speed of light, w the angular frequency, A, the corresponding wavelength, and k , the corresponding angular repetency in vacuum, so that k , = w / c = 2n-/A0. Let the thickness of layer n be d y ) and the position of the interface between layer n -1 and n be y'"), so that where the film mode amplitudes u $ ) ( x ) have x-deriva-1041-1135/93$03.00 0 1993 IEEE
